Developmental alterations of excitatory synapses are implicated in autism spectrum disorders (ASDs). Here, we report increased dendritic spine density with reduced developmental spine pruning in layer V pyramidal neurons in postmortem ASD temporal lobe. These spine deficits correlate with hyperactivated mTOR and impaired autophagy. In Tsc2+/À ASD mice where mTOR is constitutively overactive, we observed postnatal spine pruning defects, blockade of autophagy, and ASD-like social behaviors. The mTOR inhibitor rapamycin corrected ASDlike behaviors and spine pruning defects in Tsc2+/ mice, but not in Atg7 CKO neuronal autophagy-deficient mice or Tsc2+/À:Atg7 CKO double mutants. Neuronal autophagy furthermore enabled spine elimination with no effects on spine formation. Our findings suggest that mTOR-regulated autophagy is required for developmental spine pruning, and activation of neuronal autophagy corrects synaptic pathology and social behavior deficits in ASD models with hyperactivated mTOR.
INTRODUCTION
Autism spectrum disorders (ASDs) are characterized by impaired social interactions, communication deficits, and repetitive behaviors. Multiple ASD susceptibility genes converge on cellular pathways that intersect at the postsynaptic site of glutamatergic synapses (Bourgeron, 2009; Peç a and Feng, 2012) , implicating abnormalities in dendritic spines in ASD pathogenesis. Consistently, increased spine density is observed in frontal, temporal, and parietal lobes in ASD brains (Hutsler and Zhang, 2010) and changes in synaptic structure are detected in multiple ASD model mice (Zoghbi and Bear, 2012) . It remains however unclear why spine pathology occurs and how it is associated with the onset and progression of ASD-related symptoms.
Postnatal synaptic development in mammalian cerebral cortex is a dynamic process involving concurrent formation and elimination/pruning (Purves and Lichtman, 1980; Rakic et al., 1986) . Synapse formation exceeds pruning at early ages, yielding excessive excitatory synapses essential for the assembly of neural circuits. Synaptic elimination subsequently outpaces formation, resulting in net spine pruning from childhood through adolescence. Consistently, the density of dendritic spines peaks in early childhood and is followed by a steep decline during late childhood and adolescence to adult levels (Penzes et al., 2011) , a process that provides selection and maturation of synapses and neural circuits.
While ASDs exhibit striking genetic and clinical heterogeneity, multiple ASD syndromes are caused by mutations in genes that act to inhibit mammalian target of rapamycin (mTOR) kinase, including Tsc1/Tsc2, NF1, and Pten (Bourgeron, 2009) . Synaptic mTOR integrates signaling from various ASD synaptic and regulatory proteins, including SHANK3, FMRP, and the glutamate receptors mGluR1/5 (Peç a and Feng, 2012; Bourgeron, 2009) . Overactive mTOR signaling may produce an excess of synaptic protein synthesis, which could indicate a common mechanism underlying ASD. Synapses, however, must balance protein synthesis and degradation to maintain homeostasis and support plasticity (Bingol and Sheng, 2011 ). An important means for removing damaged organelles and degrading longlived or aggregate-prone proteins is macroautophagy (autophagy hereafter), a process downstream of mTOR signaling that involves the formation of autophagosomes to capture and transport cytoplasmic components to lysosomes. The activation of mTOR inhibits autophagy at an early step in autophagosome formation (Kim et al., 2011) . In support of a role for autophagy dysregulation in ASD etiology, a recent study identified ASD-associated exonic copy number variation mutations in genes coding for proteins involved in autophagic pathways (Poultney et al., 2013) .
Autophagy has been implicated in synaptic remodeling in C. elegans (Rowland et al., 2006) and Drosophila (Shen and Ganetzky, 2009 ), but a role in mammalian synaptic development is unexplored. We hypothesized that autophagy remodels synapse maturation downstream of mTOR, and autophagy deficiency downstream of overactivated mTOR contributes to ASD synaptic pathology. We found a higher spine density in basal dendrites of layer V pyramidal neurons in ASD patients than in controls. The increased spine density was associated with a defect in net postnatal spine pruning that was correlated with hyperactivated mTOR and impaired autophagy. Using Tsc1/2 mutant ASD mice and Atg7 CKO neuronal autophagy-deficient mice, we found that aberrant autophagy and mTOR hyperactivation underlies ASD-like synaptic pathology and correcting autophagy signaling could normalize developmental dendritic spine pruning defects and social behaviors.
RESULTS

Dendritic Spine Pruning Deficits in ASD Human Brain
We measured dendritic spines of basal dendrites of layer V pyramidal neurons in the superior middle temporal lobe, Brodmann Area 21 (BA21), a region implicated in ASD due to its participation in brain networks involved in social and communicative processes, including language, social and speech perception, auditory and visual processing, and comprehension of intentions (Redcay, 2008; Zahn et al., 2007) . Abnormalities in ASD temporal lobe have been confirmed by functional imaging and pathological studies, including disturbed gene transcription profiles (Garbett et al., 2008; Voineagu et al., 2011) , increased dendritic spine densities in pyramidal neurons (Hutsler and Zhang, 2010) , and reduced functional specialization (Shih et al., 2011) . We compared dendritic spine morphology in ASD patients and controls (demographic data in Table S1 available online) using the Golgi-Kopsch technique. In the adolescent group, only males were examined to exclude effects of hormone status. No correlation was revealed between spine density and potential confounding factors, including postmortem interval (PMI), seizure history, cause of death, brain pH, or tissue storage (Table  S2) . As in previous studies (Harris et al., 1992) , dendritic protrusions with the ratio of head/neck diameter >1 were classified as spines. The spines were characterized by a neck 0.9-3.0 mm long and a spine head diameter of 0.5-2.0 mm (Figures S1A and S1B). The average spine head diameter (p = 0.519) and spine length (p = 0.819) from individual neurons were similar in ASD patients and controls at all ages examined (Figures S1C and S1D). The mean net spine density per individual was significantly higher in ASD patients than in controls (Figures 1A and 1B: mean ± SD: 11.32 ± 1.23 spines/10 mm versus 8.81 ± 2.77 spines/10 mm, p = 0.017, two tailed t test).
Linear regression of spine density with age indicated a substantially greater level of net spine pruning in controls (slope = À0.40 spines/10 mm/year, R 2 = 0.93) than in ASD patients (slope = À0.19/10 mm/year, R 2 = 0.55; difference from linear regression of controls, F = 9.4, p = 0.007) ( Figure 1C ). Due to the limited number of brain samples available, we grouped patients and controls into two age categories: childhood (2-9 years) and adolescence (13-20 years) ( Figures 1D and 1E ). Analysis revealed profound effects of both disease and age on spine density (p < 0.001, two-way ANOVA, effect of disease: F (1, 16) = 73.11, p < 0.001; effect of age: F (1, 16) = 145.7, p < 0.001; disease 3 age interaction: F (1, 16) = 28.35, p < 0.001). The spine density was slightly higher in childhood ASD patients than controls (mean ± SD: 12.32 ± 0.60 spines/10 mm in ASD cases versus 11.37 ± 0.68 spines/10 mm in controls) but markedly higher in adolescent ASD patients than controls (10.33 ± 0.74 spines/ 10 mm in ASD cases versus 6.24 ± 0.59 spines/10 mm in controls). From childhood through adolescence, dendritic spines decreased by $45% in control subjects but only by $16% in ASD patients ( Figure 1E ), demonstrating a developmental defect in net spine pruning in ASD.
Disturbed mTOR-Autophagy Signaling and Spine Pruning in ASD To test the hypothesis that mTOR-autophagy signaling is disturbed in ASD and associated with ASD spine pathology, we performed western blot analysis of phospho-mTOR (p-mTOR), total mTOR (t-mTOR), phospho-S6 (p-S6), total S6 (t-S6), and the autophagosome marker LC3 and p62 (Figures 2A and 2F) in frozen BA21 brain samples from age-, gender-, and PMI-matched ASD patients and controls (demographic data in Table S3 ). To determine the relationship between mTOR activity and density of dendritic spines, we examined the protein levels of postsynaptic marker PSD95 and the presynaptic protein synapsin I (Figure 2A ). No effects of PMI, cause of death, brain pH, or length of storage on protein levels were detected (Table S2) . We observed a decrease in p-mTOR level with age in controls and higher p-mTOR level in ASD patients than in controls at 13-20 years ( Figure 2B ). We observed similar changes in p-S6, a reporter for mTOR activity ( Figure 2C ). PSD95 protein level was higher in controls aged 2-10 years than controls aged 13-20 years, consistent with normal developmental spine pruning. This decrease in PSD95 level with age was absent in ASD patients ( Figure 2D ), consistent with the lower spine pruning in ASD patients. The presynaptic marker synapsin I exhibited a near-significant decrease with age in controls but not in patients ( Figure 2E ). Levels of p-mTOR were correlated with PSD95 ( Figure 2I ), indicating that lower mTOR activity is associated with a higher dendritic spine density in children and adolescents.
To determine whether impaired autophagy underlies the spine pruning deficit in human ASD, we characterized basal autophagy in postmortem tissue of the temporal lobe in patients with ASD. The level of LC3-II, a biomarker that indicates the abundance of autophagosomes, was significantly lower in ASD patients than controls throughout childhood and adolescence (Figures 2F and 2G) , while the level of p62, a protein substrate for autophagy, was higher in both childhood and adolescent ASD patients than controls (Figures 2F and 2H) . These data suggest a low level of basal autophagy in ASD temporal cortex throughout development. LC3-II and p62 protein levels were not correlated with any confounding factor for tissue preservation but were correlated with seizure activity (Table S2 ), a common feature of ASD.
The impairment in autophagy in ASD patients was confirmed by immunolabel of LC3-positive puncta in BA21 layer V: the cellular area occupied by LC3 puncta and the integrated intensity of LC3 puncta were lower in pyramidal neurons from ASD patients than age-matched controls during both early childhood and adolescence (Figures S1E, S1F, and S1G). Decreased autophagy in cortical neurons was confirmed by the accumulation of autophagy substrates p62 and ubiquitin (Ub) (Figures S1H, S1I, and S1J) and is thus an early feature of ASD. Higher levels of p-mTOR in both control and patients with ASD were strongly associated with lower levels of LC3-II ( Figure 2J ), suggesting that the lower level of autophagy in ASD patients was attributable to high mTOR activity. Higher LC3-II levels were strongly associated with lower levels of PSD95 ( Figure 2K ). These data indicate that mTOR-dependent autophagy is negatively correlated with spine density in human brain during childhood and adolescence.
mTOR Dysregulation Causes Spine Pruning Defects in TSC-Deficient Mouse Models of ASD We then investigated whether mTOR hyperactivation and resulting inhibition of autophagy causes ASD-like dendritic spine pathology in ASD animal models. We focused on mutations in genes encoding tuberous sclerosis complexes TSC1 (hamartin) and TSC2 (tuberin), proteins that form a heterodimer that constitutively inhibits Rheb to inactivate mTOR (Ehninger and Silva, 2011) . Mutations in both Tsc1 and Tsc2 cause mTOR hyperactivation and ASD-like behaviors in mice (Ché vere-Torres et al., 2012; Tsai et al., 2012a; Goorden et al., 2007; Sato et al., 2012) .
Tsc2+/À mice however exhibit normal social preference in a three-chamber test (Ehninger et al., 2008; Ehninger et al., 2012) but deficient social interaction in a dyadic reciprocal social test (Sato et al., 2012) . This discrepancy in social behaviors could be due to differences in testing protocols, the gender, the age, or genetic background of the testing mice. We thus characterized ASD-like social behaviors in P30-P35 adolescent male Tsc2+/À mice maintained in a B6/C57 background. We observed no motor defects or anxiety-like behaviors in open field ( Figures S2A-S2F ). In the novel object recognition test, Tsc2+/À mice spent less time exploring the novel object than their wild-type (WT) littermates, with no difference in time spent (C) A linear regression of spine density with age in the control subjects (n = 10) and ASD patients (n = 10). The number of spines per 10 mm was plotted against the age of each individual. Broken lines indicate 95% confidence intervals. (D) Spine density (mean ± SD) for the controls and ASD patients in childhood and adolescence. Each point represents the mean spine density for an individual. Two-way ANOVA, Bonferroni post hoc test. ***p < 0.001, *p < 0.05. (E) The decrease of spine density with age was greater in the controls than the ASD patients (mean ± SD). ***p < 0.001. exploring the familiar object ( Figure 3A ). Tsc2+/À mice, however, did not exhibit ASD-like repetitive behaviors ( Figure 3B ). Sociability was assessed during a dyadic social interaction with a novel (noncagemate) mouse matched for sex and genotype (see Supplemental Information). Tsc2+/À mice spent less time sniffing the stimulus mouse ( Figure 3C ), indicating impaired social interactions. Social deficits were confirmed using a three-chamber social test. While Tsc2+/À mice showed a preference for interacting with a social target compared with nonsocial target ( Figure 3D , left), the preference index (the ratio of time sniffing mouse versus nonsocial target) was decreased ( Figure 3D , right). In the social novelty test, Tsc2+/À mice spent a similar amount of time sniffing both novel and familiar social targets ( Figure 3E , left), with decreased preference index (the ratio of time sniffing a stranger mouse versus a familiar mouse; Figure 3E , right), indicating a reduced preference for social novelty.
The density of dendritic spines in pyramidal neuron basal dendrites of layer V A1/S2 in temporal cortex, which is thought to be analogous to the primate primary auditory cortex (A1) and secondary somatosensory cortex (S2) (Benavides-Piccione et al., 2002) , was examined by DiOlistic labeling ( Figure 3F ). A higher (A) Representative western blots of p-mTOR, t-mTOR, p-S6, t-S6, PSD95, and synapsin I in temporal lobe of ASD patients and control subjects aged 2-9 years (ASD, n = 8; controls, n = 7) and 13-19 years (ASD, n = 5; controls, n = 9). A, ASD patients; C, controls. (B-E) The relative density (mean ± SD) for p-mTOR (B) and p-S6 (C) were normalized to t-mTOR and t-S6, respectively. PSD95 (D) and synapsin I (E) levels were normalized to actin and are presented as scatterplots for ASD patients and controls in two age groups. Each point represents each individual subject. **p < 0.01; ***p < 0.001 (two-way ANOVA, Bonferroni's post hoc test). (F) Western blot of autophagy markers, LC3-II and p62, in temporal lobe of ASD patients and control subjects aged 2-9 years and 13-20 years. (G) LC3-II levels normalized to actin in controls and patients. **p < 0.01; ***p < 0.001 (two-way ANOVA, Bonferroni post hoc test). Mean ± SD. (H) p62 levels normalized to actin in controls and patients. **p < 0.01; ***p < 0.001 (two-way ANOVA, Bonferroni post hoc test). Mean ± SD. (I) Correlation between p-mTOR and PSD95 (R 2 = 0.598, p < 0.001).
(J) Correlation between p-mTOR and LC3-II in individuals younger than 10 years (R 2 = 0.347, p < 0.0001), indicating that LC3-II is regulated by mTOR in both ASD patients and controls. (K) Correlation between LC3-II and PSD95 in individuals younger than 10 years (R 2 = 0.422, p < 0.0001), suggesting a relationship between synaptic structure protein levels and autophagy.
spine density was found in adolescent Tsc2+/À mice than in WT ( Figures 3G and 3H ). The greater spine density in Tsc2+/À layer V cortex at P30 was confirmed by increased immunolabel for the presynaptic marker, synaptophysin, and the postsynaptic marker, PSD95 (Figures S2G and S2H) . We also observed increased PSD95 and F-actin-labeled puncta along the dendrites of mature Tsc2+/À primary neuronal cultures (Figures S2I and S2J) . Net spine pruning normally occurs in mice after the third postnatal week (Zuo et al., 2005) , and so we compared spine densities between P19-P20 and P29-P30. If the lack of TSC and hyperactivation of mTOR led to spine overgrowth, an increase in spine density would be expected prior to spine pruning. DiOlistic labeling revealed similar numbers of spines at P19-P20 in Tsc2+/À and WT mice but far more spines in P29-P30 Tsc2+/À mice than in WT (Figures 3G and 3H) . The soma size and basal dendritic tree complexity were similar in WT and Tsc2+/À mutants ( Figure S3A ). These results suggest that there is a period of massive spine pruning between the ages of P19-P20 and P29-P30 in WT but a lack of normal pruning in Tsc2+/À mice. Inhibition of mTOR by intraperitoneal (i.p.) injection of rapamycin showed no effects in WT controls ( Figure S3B ) but corrected the pruning defect in Tsc2+/À mutants to the control level.
To confirm the effect of the Tsc deficiency on dendritic spine pruning, we used a Tsc1 conditional knockout mouse line (Tsc1 CKO ), in which the Tsc1 gene was depleted from pyramidal neurons in the forebrain by crossing Tsc1 flox/flox mice to CamKIICre mice. As CamKII promoter-driven Cre recombination begins in layer II-III cortical pyramidal neurons at P19-P20 but is substantial in all cortical layers at P23-P30 ( Figure S4A ), the level of TSC1 is normal in deep cortical layers at the start of this time window for spine pruning and depleted thereafter (Figures S4B and S4C). This mouse line allows us to model an appropriate developmental period for evaluating roles for cell-autonomous effects of neuronal mTOR in the regulation of developmental spine pruning. At P19-P20, the density of spines in basal dendrites of A1/S2 layer V pyramidal neurons was equivalent for both Tsc1 flox/flox control and Tsc1 CKO mice (p > 0.05), but spines in control mice were significantly less dense than in Tsc1 CKO mice at P29-P30 (p < 0.01, Figures 3I and 3J ). Although soma size was slightly greater (15%) in P29-P30 Tsc1 CKO pyramidal neurons, the number of primary basal dendrites was similar for control and Tsc1 CKO mice ( Figures S4D, S4E , and S4F). Rapamycin treatment did not affect spine density in Tsc1 flox/flox control mice ( Figure S5B ), but corrected spine pruning in Tsc1 CKO mice to control levels ( Figures 3I and 3J) , with no effect on basal dendritic branching. Thus, both Tsc1 CKO and Tsc2+/À mutants showed a lack of efficient postnatal spine pruning, indicating that TSC inhibition of mTOR is required for postnatal spine pruning. The effects of TSC1 deletion on spine density in pyramidal neurons at P30 is consistent with those reported in vivo in Purkinje cells (Tsai et al., 2012a) .
Autophagy Deficiency in Tsc2+/-Mutant Neurons
We then addressed whether autophagy remodels dendritic spines downstream of mTOR. We confirmed suppression of basal autophagy due to mTOR disinhibition in the Tsc mutant mouse brain by (1) a decrease in protein levels of LC3-II in Tsc2+/À cortex, which was normalized by rapamycin ( Figure 4A) ;
(2) an increase in the level of phospho-S6 (pS6), indicating mTOR hyperactivation, and a reduction in GFP-LC3 puncta, a fluorescent marker for autophagosomes, in cortical pyramidal neurons from Tsc2+/À: GFP-LC3 mice ( Figure S5A ), indicating impaired autophagy and rapamycin-normalized pS6 levels and numbers of GFP-LC3 puncta; (3) decreased immunolabel for endogenous LC3 in Tsc2+/À mutant primary neuronal cultures ( Figure S5B) ; (4) an accumulation of autophagy substrates, including p62 (Komatsu et al., 2007a) , lipid droplets, and damaged mitochondria (Martinez-Vicente et al., 2010) , in Tsc2+/À primary neuronal cultures ( Figures S5B, S5C , S5D, and S5E); (5) accumulation of p62-and Ub-positive inclusions in pyramidal neurons in Tsc1 CKO mouse brain ( Figure S5F ). We analyzed autophagy flux in Tsc2+/À:GFP-LC3 neurons in comparison to Tsc2 WT: GFP-LC3 neurons ( Figure 4B ). Cultured primary neurons were treated with bafilomycin (BafA1) and NH 4 Cl to inhibit lysosomal hydrolase and block autophagosome-lysosome fusion. We reasoned that if autophagy flux was impaired by mTOR hyperactivation, BafA1/NH 4 CL blockade of lysosomal degradation would produce a lower accumulation of autophagosomes in Tsc2+/À neurons than in WT. As expected, there was more accumulation of GFP-LC3 puncta in BafA1/NH 4 CL-treated WT neurons than Tsc2+/À neurons, confirming a failure of autophagosome induction in Tsc2+/À neurons ( Figure 4B ). Rapamycin (200 nM, 8 hr) normalized autophagosome formation in Tsc2+/À neurons. These findings support the hypothesis that basal neuronal autophagy is depressed due to mTOR hyperactivation in Tsc mutant ASD mouse models.
Autophagy Deficiency Results in ASD-like Social Behaviors and Spine Pruning Defects
To investigate whether neuronal autophagy deficiency produces ASD-like behaviors and dendritic spine pathology, we generated forebrain excitatory neuronal specific autophagy-deficient mice by crossing Atg7 flox/flox mice to CamKIIa-cre mice. Atg7 is an E1-like activating enzyme required for autophagosome formation (Komatsu et al., 2006) . A deficit in autophagy was confirmed by western blot analysis of conjugated ATG5-12, p62, and LC3-II proteins ( Figure 5A ) and by immunolabel of p62 and ubiquitin (Ub) ( Figures 5B and 6A ), proteins that form aggregates after autophagy inhibition (Komatsu et al., 2006 (Komatsu et al., , 2007a . At P20 there were no differences in LC3-II and conjugated ATG5-12 levels between genotypes, although p62 levels were higher in Atg7 flox/flox :CamKII-Cre (Atg7 CKO ) autophagy-deficient mice ( Figure 5A ). By P30, however, Atg7 CKO mice exhibited less conjugated ATG5-12 and LC3-II protein and more p62 protein than the Atg7 flox/flox controls. Atg7 CKO mice displayed occasional p62/Ub-positive inclusions in pyramidal neurons at P20 and prominent p62/Ub-positive aggregates in layer II-III and layer V-VI pyramidal neurons at P30 ( Figure 5B) . The results confirm a loss of autophagy between P20 and P30 in cortical pyramidal neurons in Atg7 CKO mice. 
Atg7
CKO mice exhibited ASD-like social recognition ( Figure 5C ) and social interaction deficits similar to those seen in Tsc2+/À mutants. During dyadic encounters, they spent less time sniffing stimulus mice than their control littermates ( Figure 5D ). In the three-chamber test, Atg7 CKO mice displayed impaired preference for sniffing the social target ( Figure 5E ) and for social novelty ( Figure 5F ). However, these mice did not show stereotyped repetitive behaviors, motor defects, or anxiety-like behaviors ( Figures S6A-S6G ). We did not observe significant changes in the size of neuronal soma and the number of primary basal dendrites during this developmental period (Figures S6H-S6J) . At P19-P20, Atg7 CKO basal dendrites from layer V A1/S2 pyramidal neurons exhibited a similar number of spines as those in the Atg7 flox/flox control mice ( Figures 5G and 5H ). In contrast, by P29-P30 the Atg7 CKO basal dendrites exhibited more spines than controls. Thus, basal neuronal autophagy is required for normal spine pruning during postnatal development and for the development of normal social behaviors. The pruning defect is unlikely to result from abnormalities in microglia and astrocytes, as we observed no activation of microglia or astrocytes at any age in Atg7 CKO mice ( Figures S6K  and S6L ).
Autophagy Mediates Spine Elimination in Primary Cultures of Hippocampal Neurons
The increased spine density and reduced spine pruning in Atg7 CKO mice may result from an increase in synapse formation or a decrease in synapse elimination. Primary cultures of hippocampal neurons have been used as an in vitro system to investigate the formation, maturation, and pruning of dendritic spines, in which dendritic spines are formed and pruned during a developmental period similar to that in vivo in mouse brain (Orefice et al., 2013; Ko et al., 2011; Papa et al., 1995) , with spine density increases between 6-10 days in vitro (DIV6-DIV10), peaks at DIV14-DIV21, and decreases after weeks 3 or 4 in vitro in neuronal cultures. We thus infected CA1 hippocampal neurons with a lentivirus expressing EGFP-Atg7 siRNA or an EGFP control virus at DIV14-DIV15, a period of active synapse formation and stabilization in cultures. Three to four days after infection, the cultures were fixed and stained for postsynaptic marker PSD95 ( Figures 5I and 5J ). Neurons expressing Atg7 siRNA exhibited a higher level of PSD95 puncta at DIV19-DIV20 than neurons infected with control virus (Figure 5J ), suggesting an increased spine density. We calculated the rate of spine genesis and spine pruning at DIV19-DIV20 during a 12 hr time window. In control neurons infected with viral vector controls, $12% of spines were formed and $13% eliminated, indicating equivalent rates of spine formation and elimination that reflect stabilized spine densities ( Figure 5K ). In contrast, $12% of spines were formed, but only $5% of pre-existing spines were pruned in Atg7 siRNA-infected neurons (p < 0.05, t test). Therefore, Atg7 knockdown produced excessive dendritic spines by inhibiting elimination but exerted no effect on formation. (Figure 6A) . We imaged basal dendrites of layer V A1/S2 pyramidal neurons in all lines at P20 to provide a baseline. We then treated mice from all lines with DMSO vehicle or rapamycin from P21 to P28. On P29, basal dendrites of layer V A1/S2 pyramidal neurons were labeled and analyzed ( Figures 6B and 6C ). In the DMSO vehicle-treated mice, the percentage of spines pruned between P21 and P29 was 26%; 8%, 3%, and 2% were pruned in the Atg7 CKO , Tsc2+/À, and double mutant mouse lines, respectively, all of which were treated with DMSO vehicle ( Figure 6D Note that a relatively small fraction (8%/26% = 30%) of spine pruning was preserved in Atg7 CKO mice, indicating that additional mechanisms independent from neuronal autophagy are responsible for the remainder of spine elimination during postnatal development. Consistently, we found that rapamycin rescued spine pruning in Tsc2+/À: Atg7 CKO mice to this relatively low level of neuronal autophagy-independent pruning.
Rapamycin Normalizes Social Deficits in Tsc2+/-Mice but Not in Atg7 Conditional Knockouts
We next examined whether rapamycin rescued social deficits in Tsc2+/À mice, Atg7 CKO mice, and the double mutants. Sociability and social novelty were tested with the three-chamber testing paradigm as above. DMSO vehicle produced no effect on any mouse line (Figures 3, 5, and 6 ). Atg7 flox/flox control mice treated with vehicle preferred to sniff the novel mouse more than the nonsocial object in the sociability test ( Figures 6E and 6F ) and preferred to sniff the stranger mouse more than the familiar mouse in the social novelty test (Figures 6G and 6H) . In contrast, each mutant mouse line displayed impaired preferences for sociability and social novelty.
The preferences of the Atg7 flox/flox control mice were unaffected by rapamycin. In contrast, rapamycin normalized the sociability and social novelty preferences of the Tsc2+/À mice. Rapamycin, however, did not normalize preferences of either social novelty test (G) and displayed a decrease in preference for social novelty (H). Rapamyin treatment prevented the loss of preference for social novelty in Tsc2+/À mice but not in Atg7 CKO and Tsc2+/À:Atg7 CKO mice. *p < 0.05; **p < 0.01; ***p < 0.001 (two-way ANOVA, Bonferroni post hoc test). Mean ± SEM.
Tsc2+/À:Atg7 CKO double mutants, although spine pruning deficits were partially reversed.
DISCUSSION Dendritic Spine Pruning Defect in the ASD Brain
We assessed spine density across development and confirm an increase in basal dendrite spine density in layer V pyramidal neurons in ASD temporal lobe. Layer V pyramidal neurons are the major excitatory neurons that form cortical-cortical and cortical-subcortical projections. Basal dendrites receive excitatory and inhibitory inputs from local sources, and excitatory cell types target this compartment almost exclusively (Spruston, 2008) . The increase in basal dendrite spine density suggests an enhanced local excitatory connectivity, a feature of ASD (Belmonte et al., 2004) proposed to cause failure in differentiating signals from noise, prevent development of normal longrange cortical-cortical and cortical-subcortical communications, and underlie neocortical excitation/inhibition imbalance (Sporns et al., 2000; Gogolla et al., 2009) .
Note that while signs of ASD can often be detected at 12-18 months, $82% of ASD diagnoses occur at 4 years or older (http://www.cdc.gov/ncbddd/autism/data.html), and CNS tissues from very young ASD patients are extremely rare. As human brain samples from ASD patients cannot be identified prior to diagnosis, pathological analysis cannot determine whether increased spine density precedes symptoms. We therefore relied on correlations among an age range of available pathological specimens, synaptic density, and biochemical markers for analysis. It is remarkable that the only available brain sample suitable for morphological study of a very young diagnosed ASD patient (age = 3 years) displayed a synaptic density higher than any control subject. We find that a defect in net spine pruning was responsible for the abnormally high synaptic densities in childhood and adolescent ASD, an observation confirmed in animal models. A variety of results indicate that this deficit is due in large part to a loss of mTOR-dependent autophagy in neurons. While synapse formation outpaces synapse elimination at young ages, yielding the highest synaptic density in early life, significantly reduced cortical autophagy was also apparent in the youngest diagnosed ASD patient (age = 2 years, frozen tissue), as indicated by low levels of the autophagic vacuole marker LC3-II and increased level of autophagy substrates p62. An ongoing deficiency in autophagy and impaired spine elimination at younger ages would be expected to increase net spine density and interfere with the dynamic turnover of synapses that organizes neural circuits. Interruption of this maturational organization of the brain would lead to a persistence of immature or formation of aberrant circuits in ASD.
The near-linear decrease in spine number from all cases between the ages of 2 to 19 years indicates that spine pruning in temporal lobe occurs over the first two decades and that net loss of synapses is substantially greater in controls than ASD patients. The spine densities declined during the first and second decade by 41% in normal controls but only by 16% in ASD patients, a level independently confirmed by analysis of pre-and postsynaptic markers. This deficit may contribute to abnormalities in cognitive functions that humans acquire in their late childhood, teenage, or early adult years, such as the acquisition of executive skills such as reasoning, motivation, judgment, language, and abstract thought (Goda and Davis, 2003; Sternberg and Powell, 1983) . Many children diagnosed with ASD reach adolescence and adulthood with functional disability in these skills, in addition to social and communication deficits (Seltzer et al., 2004) . The extended duration for normal spine pruning in human brain may provide an opportunity for therapeutic intervention of multiple functional domains associated with ASD after the disease is diagnosed.
While our study examined a single brain region, spine pruning during early postnatal development occurs in cerebral cortex, cerebellum, olfactory bulb, and hippocampus (Purves and Lichtman, 1980; Shinoda et al., 2010) . As ASD-related neuropathology involves disruptions in connectivity across the brain, it is likely that additional ASD brain regions may feature spine pruning defects during different periods of synaptic development. Nevertheless, the disorganization of synaptic connectivity in the temporal lobe, a central node in the social brain network (Gotts et al., 2012) , may compromise function of a network of anatomically distinct brain regions that underlie global brain dysfunction and ASD-like social deficits (Normand et al., 2013; Tsai et al., 2012a) .
mTOR-Regulated Autophagy and ASD Synaptic Pathology
The genetic heterogeneity of ASD encourages the identification of steps that converge on common pathways to produce the clinical syndrome. Dysregulated mTOR signaling has been identified in autism, fragile X syndrome, tuberous sclerosis, neurofibromatosis, and PTEN-mediated macroencephaly (Peç a and Feng, 2012; Bourgeron, 2009) , each of which features altered dendritic spine densities. mTOR inhibitors, including rapamycin and its analogs, have been examined in clinical trials for treating ASD and neuropsychological deficits in children with TSC (Sahin, 2012) .
We find that ASD brains exhibit both disrupted mTOR signaling and synaptic defects. It is highly unlikely that these patients possessed TSC mutations, and so our findings suggest that mTOR signaling provides a common convergent mechanism in ASD. mTOR signaling, however, contributes to protein synthesis required for neuronal survival, development, synaptic plasticity, learning, and memory (Hoeffer and Klann, 2010) , and prolonged use of mTOR inhibitors may cause adverse effects (Rodrik-Outmezguine et al., 2011) . An important goal is to identify specific signaling pathways downstream of mTOR that may provide more precise targets. For example, a link has been established between eIF4E-dependent translational control downstream of mTOR and ASD-like phenotypes in mouse models (Santini et al., 2013) . We provide evidence from postmortem brain that autophagy deficiency, which is a consequence of mTOR overactivation, strongly correlates with ASD dendritic spine pathology. The reduction of mTOR-regulated neuronal autophagy is further consistent with our recent findings of a lack of autophagic mitochondrial turnover in ASD brains (Tang et al., 2013) .
We have confirmed in mouse models that inhibition of neuronal autophagy produced ASD-like inhibition of normal developmental spine pruning and ASD-like behaviors. Pharmacological inhibition of mTOR activity normalized ASD-like spine pruning deficits and ASD-like behaviors in mice largely by activating neuronal autophagy. As these data suggest a direct link between mTOR-regulated autophagy and pruning of synaptic connections during postnatal development, developing targeted means to enhance autophagy downstream of mTOR during development may provide the basis for novel ASD therapeutics.
Autophagy and Spine Pruning
The precise control of synapse pruning could be achieved by multiple signaling systems that converge to eliminate synaptic connections. This could involve the targeted degradation of synaptic components. Recent evidence suggests that neuronal activity decreases dendritic spine number in part through activation of the myocyte enhancer factor 2 (MEF2) transcription factor (Pfeiffer et al., 2010) , which promotes ubiquitin-proteasome system (UPS)-dependent degradation of the synaptic scaffolding protein PSD95 (Tsai et al., 2012b) . In addition to the UPS, which is primarily responsible for the degradation of short-lived cytosolic proteins, neurons rely on lysosomal-dependent degradation mechanisms for the turnover of long-lived synaptic proteins and damaged organelles. Ablation of autophagy genes ATG7 or ATG5 causes neurodegeneration associated with aberrant organelles and ubiquitin-rich inclusions in neuronal cell bodies (Hara et al., 2006; Komatsu et al., 2006) , as well as disrupted membrane homeostasis in axon terminals (Komatsu et al., 2007b; Hernandez et al., 2012) .
Using an in vitro primary neuronal culture system, we find that autophagy regulates spine elimination but not spine formation during developmental pruning of dendritic spines. Autophagy may remodel dendritic spines by directing internalized postsynaptic membrane neurotransmitter receptors, including GABA-A (Rowland et al., 2006) and AMPAR (Shehata et al., 2012) , toward lysosomal degradation. Although autophagy was classically considered an ''in-bulk'' process, evidence now supports selectivity mediated via recognition of posttranslational modifications by molecules that bind cargo and components of the autophagic machinery. p62 is the most extensively characterized cargorecognizing molecule and binds preferentially to an ubiquitin linkage (Lys63) on the surface of ubiquitinated protein aggregates, polyubiquitinated proteins, and organelles. In addition, autophagy may degrade proteins that suppress spine elimination, and the loss of autophagy could accumulate proteins that block spine pruning, for example, by releasing translationally suppressed synaptic mRNA for local protein synthesis (Banerjee et al., 2009) .
As neuronal autophagy is responsible for $70% of postnatal net spine elimination, it is likely that basal autophagy regulates spine elimination in cooperation with additional regulatory mechanisms downstream of mTOR, including eIF4E-dependent translational control and neuronal outgrowth (Santini et al., 2013) and other nonneuronal intrinsic regulatory mechanisms including neuroimmune disturbances and astrocyte activation (Garbett et al., 2008; Voineagu et al., 2011; Paolicelli et al., 2011; Schafer et al., 2012; Chung et al., 2013) . Defective neuronal autophagy can be induced by infected microglia (Alirezaei et al., 2008) , pointing to the possibility of glial non-cell-autonomous autophagic regulation of spine morphogenesis. In addition, changes in mTOR-autophagy signaling and spine pruning defects may represent a secondary mechanism in response to an imbalance between excitatory and inhibitory neurotransmission, identified in both Mecp2 mutant mice and Tsc1-deficient mice and implicated in ASD-associated stereotypies and social behavioral deficits (Chao et al., 2010; Fu et al., 2012; Yizhar et al., 2011) . Altered synaptic function is consistent with our recent finding that chronic lack of neuronal autophagy enhances evoked neurotransmitter release and rate of synaptic recovery (Hernandez et al., 2012) .
In summary, we find that many ASD brains exhibit both disrupted mTOR signaling and synaptic defects during childhood and adolescence, suggesting that mTOR signaling may provide a common mechanism involved in ASD synaptic pathology (Sawicka and Zukin, 2012) . We further demonstrated that ASD behaviors and synaptic deficits are elicited by altered mTOR signaling via an inhibition of autophagy required for normal developmental spine pruning. The results indicate a direct link between mTOR-autophagy and pruning of synaptic connections during postnatal development and suggest that targeting neuronal autophagy could provide therapeutic benefit.
EXPERIMENTAL PROCEDURES ASD-like Social Behavioral Tests
Mice were tested for novel object recognition and social interactions, anxietylike behaviors, exploratory locomotion behaviors, and self-grooming repetitive behavior. Sociability and social novelty were tested in a three-chamber testing paradigm. Procedures were approved by Columbia University IACUC.
Biochemistry, DiOlistic Labeling, Golgi Staining, and Immunohistochemistry Mouse and human brain tissue were lysed with 1X RIPA buffer supplemented with protease inhibitors and phosphatase inhibitors, and subjected to western blot analysis. Neurons in mouse brain were labeled with DiI using a Helios gene gun system at 120 psi. Fluorescent image stacks were acquired with a Leica multiphoton system. Neuronal morphology in postmortem human brain was analyzed by Golgi-Kopsch technique. Images were reconstructed with Imaris FilamentTracer Module (Bitplane).
Full Methods and associated references are in the Supplemental Information.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, six figures, and three tables and can be found with this article online at http://dx.doi.org/10.1016/j.neuron.2014.07.040.
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